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I. INTRODUCTION

High resistivity GaAs has usually been observed to have an optical
absorptivity within the range 0.01 to 0.025 cm"1 at 10.6um. This range
does not appear to be affected by any of the intuitively important
parameters~-growth procedure, charge compensation element, crystallo-
graphic orientation, chemical purity or structural perfection. This
suggests that:

a. The intrinsic absorptivity of GaAs at room temperature and

10.6um radiation is of the order of 10"2cm-1, or

b. There is some type of defect or structural disorder common

to all charge compensated GaAs which is insensitive to varia-
tions in process parameters and which prevents the attainment
of lower absorptivities.

The detailed characterization study undertaken by Arthur D. Little,
Inc., under thie contract is expected to resolve this issue, utilizing
experimental methods that permit the detection of structural and compo-
sitional variations within a size range of 10—7 to 10-2cm. Procedures
emphasize direct observation of structure rather than analytical ap-
proaches; we expect to evaluate the size range of interest through se-
lected combinations of optical and infrared microscopy, reflection and
transmission X-ray topography and transmission electrqn microscopy.

Our ultimate objective is to eliminate defects affecting the optical
absorptivity of GaAs by appropriate modifications of crystal growth
procedures.

Evaluation samples have been supplied by Bell & Howell who, under
a concurrent ONR-sponsored program, is striving to prepare high quality,
low absorptivity GaAs boules with an eventual yoal of achieving scale-
up to 3 to 12 inches in diameter. They are attempting to minimize ab-
gorption through selected variations in growth parameters, including
dopant, conceucration, growth rate, seed orientation, etc. Bell & Howell
is conducting chemical analysis (spark source mass spectrometry,; and
absorption coefficient measurements on each boule prepared. The l-cm thick
cross section of each boule that is employed for the absorption measurement

is subsequently being supplied to ADL for structural characterization.
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By the end of the second quarter, five gamples, having absorption
coctficlents ranging 0.013 to 0.031 cm~l, had been received. As reported
previously,(l) preliminary examination of these samples was conducted
by back reflection X-ray topography. Most of the crystals displayéd
evidence of coring and faceted crystal growth. Other observed structure
was associated with surface polishing and sample handling damage. These
results are summarized in Table I. During the second quarter, further
work has been conducted to elucidate the nature of bulk defects in these
crystals. For this purpose, thin sections were yrepared and transmission

X-ray topographs obtained. Comparisons between optical, back reflection

topographic and transmission topographic structures are presented in this

report. In addition, attention was addressed to selecting an optimum

f1lm emulsion and determining suitable exposure and processing conditions
to achieve maximum image resolution. Evaluation of various procedures for
removing surface damage have also been conducted. The results of this

work are described in the following section.
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II. DEVELOPMENT OF EXPERIMENTAL METHODS

In order to observe the inherent structural perfection of the piece
under examination, it is necessary to be able to recognize artifacts that
have been introduced as a result of the experimental procedures that are
employad. As a result, considerable attention has been directed during
the past reporting period to optimizing the recording and presentation
of topographic images as well as to sample preparation procedures, in-
ciuding cutting, thinning and polishing. Our conclusions are presented

In the following sections.

A. X-ray Patterns

1. Image Recording

0f the various recording emulsions available, nuclear tracking plates
appear to provide the best performance in terms of resolution and expo-
sure time. By comparison, high contrast copy film and microfilm require
four to six times longer exposure with equivalent or lower resolution.
Glass bases for supporting the emulsion were vastly superior to normal
polyester bases. The plastic bases deformed under the intense illumina-
tion of high magnification transmission optical microscopy. After sur-
veying the properties of these other films, we limited our evaluation to
Il1ford L4 Nuclear Reseérch Emulsion plates, having a mean AgBr diameter
of 0.14um and emulsion thicknesses of 25 and 50um. For a 50% AgBr load-
ing in the emulsion, these thicknesses reduce the intansity of CqKa
radiation by 40 and 75%, and of AgK, radiation by 10 and 20%, respectively.
With other conditions held equivalent, the 50ym emulsion can therefore
be exposed in 1/4 to 1/2 the time required for the 25um emulsion. Back
reflection (422) topographs of a (1lll)-oriented GaAs slice obtained with
both thicknesses of emulsion were found to yield equivalent resolution.
After processing, the 50um emulsion is approximately 1Oum thick. All
sample evaluations presented in this report have been conducted with
50um emulsion L4 plates.

Several exposures were made to determine the effect of tube voltage

on resolution. For this purpose, a (422) reflection from GaAs was limited
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by slits to an area of about 1/8 x 1/4 inch. Exposures were made at 35kV
and 20kV tube voltage. The crystal was then rocked off peak, and an ad-
Jacent set of exﬁbsures was made, representing background scatter from
the sample. Representative photographs from this series are presented
in Figure 1. Individual photographic emulsion "grains" can just be ob~
served in the background images at 375X and are more clearly presented
at 865X, For the most part, these grains have an apparent size of (.5
to lum, or about three to seven times larger than the mean AgBr particle
size. This is apparently the result of an X-ray photon causing the sen-
sitization of several AgBr particles within a small volume rather than
continuing activation to a single particle. There are some clusters of
grains that are larger, i.e., 2 to 3um in extent, indicated by arrows
marked "a". The presence of an isotropic defect, such as a spherical

precipitate, would thernfore not be clearly identified unless it generated

o] RN IR AN B XD s

a strain field at least 5 .an in extent. Linzal defects, however, such as
the polishing scratches shown in the left hand photographs, are clearly
discernible at high magnification, as shown in Figure lc. Even with an
apparent limit in plate resolution of a few microns, these very fine,
two-~dimensional features, some of which are indicated by arrows marked
"b", can be clearly observed. Figure lc, obtained with a 20kV X-ray
beam, is observed to exhibit the same resolution characteristics as the
images obtained with a 35kV beam. The increased number of higher energy
photons which are scattered at 35kV have no observed deleterious effect

on resolution, thus permitting shorrer exposure times.

2. Plate Processing

Several procedures for processing plates have been given in the it~

(2)

erature. These have been reviewed by Meieran. We have processed a

ey ey By &Aﬂ [ T

series of similarly exposed plates by several procedures in which time,

temperature and developers have been varied. The following were found to
be best for Ilford Plates.

Presoak in distilled water (10-12°C) for 5 minutes.

Dcvelop in fresh Kodak D-19 (10-12°C) for 20-30 minutes.

Rinse in distilled water (10-12°C) for a few minutes.

gty oS ooy
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Fix in hype (diluced 1:1 with distilied water a% 10-12°C)
for 20 minutes, or until clear.

Fix in full strenrgth hypo containing hardener at room tem-
perature for 30 minutes.

Wash £or 1 hour in distilled water and dry.
The procadere is essentially the same as thai suggested by Meieran.
Abrasion marks can be removed by scaking in water, then in 1% acetic acid,

followed by gentle swabhing with cotton. The plate should then be washed

(2)

and dried. Surface fog can be removed {or an overexposed plate can be
lightened) by a standard reducing agent, such as Farmer's Reducer.

To assure higheat plate ~ oZity, solutions should be freshly prepared,
using high vesissivity, filtared water. The water used to process these
plates had a resiscivity in excess of 2x10%Qcm and was passed through a
G.2u filter. Drying should be carried out in a dust~free enclosure.

Since topographic imsges are vecorded at about a 1:1 wmagnification,
enlargements are necessary to observe the detalled image structure. Al-
though we have not evaluated all procedures described in the literature,
we have achieved consisteat results utilizing Polarcid Type 55 P/N film
te record transmitted light microscope images at & to 040X magnifications.
Photographs are then printed on high contrast paper (F4 to F6) with no

wore than a two~ to three-time enlaxgement from the Polaroid negative.

B. Sample Preparation

Thin samples, on the order of 3 mils and 100A thickness, are iequired
for transmission X-ray topography and transidssion electron wmicioscopy,
respectively. It is fmperative that all surface demage introduced during
the praparation of the thin section be removed prier tc .xamination, The
prraence of surface asrtifacts could lead to wisinterpretation of the in-
herent structure of tne sample.

Congequently, the extent of intuced surface damage was evaluated
after various processing stepe, .ncluding cutting, m=chanical polishing
and cnemical and moleculsr tbinninz. The degree of damage was evaluated
by edge topugraphs of (110) cleavage faces ncrmal to the surface of the

sample, utilicing (440} back raflect:  topographs " proc:dure has
rfx\
(e

been described in detail hy Rozgonyl and dasz' o. Six surface con-

ditions have been eveluited ur follows.

LS

o NS
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I. As-received polish from Bell & Howell®

II. As-cut, utilizing a wire saw with a 0.010-inch diameter
stainless steel wire blade and 600 grit SiC in glycerine
abrasive.

IT1I, As-cut, followed by removal of 0.010 inch thickness by
mechanically polishing on 600 grii SiC paper.

IV. Same as I1I, folloxed by mechanical lapping on silk
with 6p diamond anrd then with 1 dismond.

V. As-cut, followed by mecherical lappins nn silk with
6u diamond and then with 7. diamond.

VI. Same as 1V, follcwed by removal of 0.003 inch of material
by argon sputtering.

The results of these evaluations are shown in Figure 2. (Roman numerals
correspond to preceding surface treatments.) Surprisingly, there is not
a great deal of difference observed for the various mechanical polishes.
In all cases, damage i3 less than 0.001 inch or 25um. The ion thinned
(sputtered) sample shows no evidence of surface damage and is clearly
the preferred surface condition.

Based on this work, it is imperative to remove the final 0.0l inch

of surface by ion sputtering to assure elimination of surface artifacts.

*
The Bell & Howell preparation procedure includes cutting on an ID
diamond saw, grinding on 600 and 1200 grit SiC and mechanically
polishing on silk with alumina (Linde A and B) abrasive.
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III. CHARACTERIZATION OF GaAs SAMPLES

Sample slices from five (ll1l)-zxis GaAs boules submitted by Bell &
Howell were previously surveyed by back reflection X-~ray topography

)
1) On a gross scaie, two samples (Nos. 1852T and 2602-10) ex-

methods.
hibited uniform images, wherazas two of the other samples (Nos. 1860T and
1860B) exhibited considersble strain damage which was attributed to
faceted growth and coring; the fifth was intermediate. There was no
correlation between the measured absorption at 10.6um radiation and

gross imperfection. The data presented in Table I show one of the better
samples, on the basis uf structure, to have the highest ab:orption co-
efficient. Therefore, if a structural defect is responsible for the
persistently high abscrption coefficient, it is common to all of these

samples.

A, Experimental Procedures

We utilized techniques during the past quarter which permit a higher
magnification view of the prevailing internal defect structure in these
samples. As shown previously, the image from back reflection topographs
originates from the first 0.001 inch or so below the sample surface.
Unless special surface preparation is used, this layer is heavily damaged
as a result of sample cutting and polishing and therefore is not repre-
sentative of the bulk sample. Thin slices (about 0.003 inch thick) from
each sample were prepared using the procedures described in the previous
section to remove all surface damage. These were employed for complementary
examinations by oblique illumination surface pliotography, back reflection
X~ray topography and transmission X-ray topography. It is iuntended that
the same pieces will also be examined by Infrared transmission microscopy
and transmission electron microscopy.

The slices approximated longitulinal sections of the initial boules;
each slice was oriented to a (11l) face with edges corresponding approxi-
mately to (110) and (211) faces. The sectionc were made at approximately
the boule diameter so radial variation of defect density and tyne was re-
vealed. Preparation included cutting with a wire saw, removal of about
0.004 inch from each side on 609 grit SiC paper, diamon. polishing and
finally ion thinning to a firal thickness of about 0.003 inch.

Arthur D Littl
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TABLE I

MEASURED TARAMETERS ON GaAs CRYSTALS SUPPLIED BY BELL & HOWELL

‘ Absorption Gross

! Sample No. Axis Orientation Resistivity Coefficient Structure

$ (X106 ohm-cm) (ca™ 1y

| 18527 <111> 35 0.031 Unircrm
1857T <11l> 25 0.013 Siight

4 Faceting

] 1860T <111> 90 0.018 Faceting
1860%L <11~ 90 0.019 Heavy

Faceting

2602-10 <111> 50 0.016 Uniform

whalgs  exaagon | AENERE
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One of the samples (No. 18577) thinned at an anomously high rate and
had a final thickness of approxiately 0.0005 inch. This sample was too
fragile to handle and was uot utilized. Also, sample Nos. 1860T and

} 2602-10 fractured along (110) cleavage planes normal to the surface plane;

for these ca:es, the largest part of the slices were examined.

B. Results

1. Ion Polisned Surfaces

Initial characterization included visual examination of the suzfaces

by optical and scanning eleccron microscopy. In all cases, the ion thinned

NI MEgs e

samples contained numerous shallow craters of varying diameter, as shown
in Figure 3. Impingement of craters occurred frequently; In some cases,

impingement was iimited to two or three adjacent craters (labeled A in

U

Figure 3); whereas in other cases, impingement was strung out along a line

(labeled B). These same features are shown at higher magnification in

Erm

Figure 4a. The edge of the sample, shown in Figure 4b, is apparently in-

fluenced by deposition and resputtering of copper from the heat sink sub-~

Ty

strate, resulting in the characteristic cone structures. Occasionally
cones were obserced in craters away from the sample edge.

At present, we have no understanding of why craters form. They are
rpparently the result of preferential sputtering at specific points, which
then widen spherically. They become evident (25X optical microscopy)
osly after approximately 8um of material has been sputtered off. One can
speculate that crate-s originate at point defects, i.e., regions of high
strain (such us dislocatlion cores) or chemical inhomougeneity (precipitates).
Were this the case, the largest craters would be expected to be the ear-
liest formed (that is, nearest to the original surface). However, the
linexl arrays of craters, which are reminiscent of polishing scratches
on the original surface, are generally formed from falrly small diameter
craters. Rather than pursue a thorough understanding of the ion thinning
process at this time, we intend to compare the distribution of surface
craters to other structural features that ars olserved by X-ray topography,
infrared microscopy and electron microscopy. Consequantly, surfaca photo-

graphs of crater distributions were obtained from three of the thinned

GaAs slices at several magnifications. These photographs will be preseated

o {3

together with the X-ray topographic data.
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These slices were employed for (440) back reflection and (220) trans-
mission X-ray topographs. The back reflection patterns were obtained by
the experimental proced.re presented in the last report,(l) and transmis-
sion patterns taken with AgKa radiation, utilized the geometry presented

in Figure 5.

2. Characterization of Individual Samples

Opticcol photographs and X-ray topographic images of the ion thinned
slices are presented for sample Nos. 1860B, 18537T, 2602-10, and 1860T in
Figures 6 thiogh 9, respectively. The higher magnification views are
taken in t'.. contral region of the corresponding lower magnification shots,
except as noted in the text. Ihe optical photographs were obtained from
the side of the sample correspording to the transmission topograph beam
exit face which was also the face examined by reflectior topography. In
this way direct comparison of image features could be conducted.

In review, the observed optical iw.ges result from differences in
light scattering, generally due to variations in surface topography.

The X-ray images are generated as a result of diffraction 2nhancement
from localized regions of the sample that are strained. Such strain is
caused by the breakdown of a regular lattice structure due to pulnt and
line deiects (dislocations, vacancies, stacking faults, slip lines),
chemical variations (precipitates, segregation) and residual stresses
generated during crystal solidification and cool down to ambient temperature.
Other factors which contribute to the dynamical X-ray image can be ig-
nored at pr- 2nt. The craters are too shallow relative to the thickness
of the sample to image due to absorption.

Sample 18608 (¢ = 0.019 cm 1)

Optical and transmission X-ray topographs are presented at

several magnifications in figure 6. The low magnification
optical image displays many liaee, designaced by A, is shown
at several magnitications. It is noted at high magnification
that the line set actually corresponds to quite small, con-
nected craters. Individual craters range in size from sub-

.cron to about 100 microns in extent,

Arthur D tele T
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Other than one deep polishing mark, labeled B in the low
magnification photograph and topogr.ph, there are no obvious
similarities in structure between the optical and X-ray
images. fhe foreshortening of the X-ray image in the hori-
zontal . rection results from the diffraction geometry.)

At low magnificatiou, the X-ray image shows substantial
structure reminiscent of the previously presented back

1) The apparent change in film

reflection topographs.
density across the line marke. C is the result of a com-
posite exposure which was required to image the entire
crystal. Other variations in density are the result of
severe inhomogeneous lattice strain. At higher magnifica-
tion (22X), the structure is observed to consist of very
small cells. Even at quite high magnification (159X), the
structure is so deunse that it is impossible to resolve in-

dividual defect features.

The observed structure is typical of that resulting from break-
down of a planar solid-liguid solidification interface to a
cellular interface. Cell walls are sinks for impurities as
well as dislocaticns causirs ulese regions to be highly
strained comrared to the interior of the cells. This is the

source of the enhanced X-ray diffraction contrast.

Sample 1852T (a = 0,031 cm b

A similar series of optical and X-ray topographic images are
presented for Sample No. 1852T in Figure 7. The vptical images

bear no resemblance to the corresponding X-ray topographic
images, either in size or distribution. The X-ray topographs
both exhibit a comparable cell structure throughout most of

the cross section; the cell size is about 0.010 inch in diameter,

more than an order of magnitude larger than the previous sample.

il
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The back reflection image is developed from a thin surface layer
corresponding to 20-25% of the sample thickness. As a result,
the reflection image tends to contain less structure than the
transmission image. The white and black spots on the reflection

pattern (some of which are indicated by E) are artifacts caused
by plate processing in aged solutions.

The low magnification transmission image shows a uniform cell
structure throughout the section. The left and right hand ends
of tue image, corresponding to the periphery of the boule, ad-
ditionally exhibit numerous lineal traces (noted by F) oriented
parallel to the intersection of {111} planes with tlie wafer sur-
face. These correspond to slip traces lying along <110> direc-

tions and are the result of strain ac¢ommodation by the lattice.

Sample 2602-10 (a = 0.016 cm™1)

Optical and X-ray images of Sample 2602-10 are presented in
Figure 8. The right hand portion of the sample broke (uring
gsample preparation. The right hand edges of the low magnifi-
cation images correspond to <110> cleavage faces. Approximately

one-third of the sample is missing.

The high magnification optical photograph reveals a feature

not seen in the other samples, namely, a series of wavey

lines of connected, very small craters. Several of these are
indicated by the letter €. It is interesting to note that this
crater substructure is on the same size scale as the cell-type

structure revealed by transmission topography.

The back reflection topography shows few features of interest.
A very faint background structure is present (not clearly
discernible in the photograph) which is generally similar to
that shown by the transmission images. The white spots are

artifacts from film processing.

12
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In transmission, the left side of the topog+aph (corresponding

to the outer periphery of the boule cross section) is observed

tn be heavily faulted in the same manner as Sample 1852T. This
faulting is the result of slip in {111} planes along <110> direc-
tions and results from strain accommodation by the lattice. It
is likely that the strain originated from residual stresses
generated by diffecential cooling of the boule. The center of
the sample is more uniformly cellular, with a cell size similar
to Sample 18532T. Even in this region, some dislocations, indi-
cated by the arrows in the 22X center image, lie along the active

slip system,

Corresponding transmission images from (220) and (422) reflec-
t ons are shown at 65X and 150X. Although the patterns are
similar, all features are not in exact correspcndenze. Tor
reference purposes, the letter J indicates equivalent positions
on each topograph. The structure noted by L is sharp and clear
on the (220) images, but missing from the (422) images. Like-
wise, the features marked N are present on the (422) images,
but missing from the (220) images. These differences occur
as a result of anisotronic strain in the lattice planes adja-
cent to a defect. 1In the case of a dislocation (either edge
or screw), there is minimum distortion in the plane that con~
tains the Burgers vector of the dislocation. A topography of
this plane will not image the dislocation. Likewise, there is
maximum distortion in the plane perpendicular tc the Burgers
vector, causing maximum image contrast for this plane. Forma'lv,
it can be stated that dislocations are not imaged when the fol-
lowing cor ition is satisfied

g - b=0
where é :nd b are the Burgers vector and the pole of the dif-
fraction plane. Since both the (2:0) and (422) planes contain
specific - 110 dircections, i.e., [110] and {011}, respectively,
some features as noted above, will be missing from the individual

topographs.

11
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These images, therefore, confirm the presence of dislocations
having <110~ Burgers vectors, and alsc reveal maximum contrast
for the (220) image, as would be predicted. It is for this
reason that we have utilized the (220) reflection for all

transmission topographs.

The similarity of the substructure observed in the high magni-
fication optical photograph with the cell structure observed
in the X~ray images suggests that the pitting may be related
to cell boundaries. The intercrater spacing is much smaller
than the apparent interdislocation spacing observed with the
transmission t~pographs. It should be noted that dislocations
with specific Burgers vectors will not be imaged in any given
topograph. The strain induced diffraction contrast observed
is considerably higher than f{or the other samples, suggesting
a less diffuse segregation of impurities in the vicinity of

the cell walls.

Sample 1860T (o = 0.018 cm™1)

Transmission topographs of a portion of the thin section from
Sample 1860T are presented in Figure 9. These topographs are
included principally to show the generally improved structure
of this sample, taken from the top of Boule 1860, compared to
the structure shown in Figure 6, repiesenting the bottom of the
same boule. Even though the cell size of the two samples is
approximately an order of magnitude different, the measured

absorption coefficient is essentially identical.

L4
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IV. CONCLUSIONS

Transmission and back reflection X~-ray topographic analysis of Cr-
doped GaAs samples from Bell & Howell have revealed several characteris-
tic defect structures. Samples grown by the hot-wall autoclave technique

(1)

contained high residual stresses resulting from growth facets, while
the sample grown by liquid encapsulation appears esentially free of bulk
residual stresses. In all cases, a cellular dislocation structure is
evident, indicating breakdown of solidification interface stability.

The cell size (10-200um) and dislocation deusity vary considerably between
individual crystals. Again, from this standpoint, the crystal grown by
the liquid encapsulation”technique was of superior quality. The cell

size was approximately an order of magnitude larger than the poorest hot-
wall autoclave sample. The bulk dislocation density in this crystal was
between 102—103/cm2

of the last to grow end of the boule was smaller. In ail cases, there

in the best regions. As expected, the cell structure

was evidence of {111}, <110> deformation in the outer annuli of the crystals,
probably resulting from relaxation of radial temperature gradients which
existed in the boules during growth.

These tonographic analyses have not revealed a defect that correlates
with the optical absorptivity of‘10.6um. The highest absorptivity (0.03
em™1l) was observed for a relatively good crystal (1852T) and the poorest
crystal (1860B) exhibited an average absorptivity (<0.02 em1).  Thus, to
date, these studies have failed to explain the unacceptably high residual
absorptivity. They have revealed residual stresses in some crystals which
will degrade their optical performance due to stress induced berefringence
effects, Future work will emphasize higher magnification characterization

techniques.
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V. FUTURE WORK

We intend to examine the same sample slices reported on here by in-
frared microscopy and transmission electron microscopy. Previous inspec-
tion of thick slices of GaAs by IR microscopy were of limited value due
to the very high absorption of lum radiation by the Cr-compensated material.
Preliminery investigation of the thin sections shows transmission with
selected absorption at defects.

Transmission electron microscopy is absolutely essential for carrying
out a search for point defects, fine precipitates, etc. Samples will be
thinned at MIT by ion bombardment.

We have received an additional set of sixteen samples from Bell &
Howell representing differences in seed orientation, growth rate and po-
sition of sample within boule. These samples have absorption coefficients
ranging from 0.010 to 0.021 cm-l. Based upon back reflection X~ray topo-
graphs, several representative samples will be selected for thorough

characterization by the methods described herein.

16
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